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SANDIA LABORATORIES QUARTERLY REPORT 
PLANETARY QUARANTINE PROGRAM 

Summary of Activities 

Thermoradiation Ster i l izat ion.  Activities th is  quarter included an 

appraisal of the overall thermoradiation program along with considerable 

experimentation in dry heat, radiation and thermoradiation inactivation 

of - B .  sub t i l i s  var. niger. Heat resistance and dose rate  sensi t ivi ty  

experiments a t  95'C revealed promising results a t  tha t  temperature. A t  a 

dose ra te  of 1 2  kradsjhour, the D value was two hours. A 10 log pop- 

ulation reduction could then be accomplished a t  95'C with a total  dose 

of less than 250 krads in 20 hours. Good confirmation was also obtained 

in the dose rate  sensi t ivi ty  of radiation inactivation a t  room temperature. 

High rate  gamma radiation inactivation a t  room temperature required twice 

the total  dose that low rate radiation required. 

Model i ng of Thermoradi ation Synergi sm. Progress th is  quarter was made i n 

several areas. Among them: 

1 .  Based upon more recent and complete data a t  ambient temperature 

( 2 5 " C ) ,  the model parameter values were recomputed several ways. 

Generally, the new values represent only small changes from those 

previously obtained, 

2, The trade-offs betblreen radiation dose, dose r a t e ,  and temperature 

were more fully i n v e s t i g a t e d ,  These trade-offs are presented here 

fo r  a requf red 8 Isg reduc"e-r'on i n  expecweci spore pepu1at-l  on a 





Post launch a  Mar t i an  l a n d e r  would s u s t a i n  r a d i a t i o n  doses o f  va r ious  types 

Prom severa l  sources. I n  o rder  t o  determine "sa fe"  l e v e l s  o f  r a d i a t i o n  f o r  

t h e m o r a d i a t i o n  s t e r i l i z a t i o n  processes, one needs a t  l e a s t  an upper bound 

on t h e  amount (dose) o f  r a d i a t i o n  encountered p o s t  launch. A ve ry  "sa fe"  

upper bound o f  about 6300 krads i s  de r i ved  here. Th i s  f i g u r e  i s  based on 

an 18 month a c t i v e  l i f e  and minimal s h i e l d i n g  from t h e  b i o b a r r i e r .  

Humid i ty  Contro l  Systems. The s tudy o f  spore i n a c t i v a t i o n  a t  low r e l a t i v e  

hum id i t i es  requ i res  a  responsive and r e 1  i a b l e  hum id i t y  c o n t r o l  system. The 

c o n t r o l l e d  s a t u r a t i o n  temperature system descr ibed l a s t  q u a r t e r  was mod i f i ed  

by  p r e s s u r i z i n g  t h e  s a t u r a t i o n  p o r t i o n  o f  t h e  system and by adding a  des iccan t  

bed. These f ea tu res  may be used s i n g l y  o r  i n  combinat ion t o  d e l i v e r  a i r  

w i t h  a  r e l a t i v e  hum id i t y  as low as 0.0035% a t  105OC. Both o f  these mod- 

i f i c a t i o n s  and r e l a t e d  progress a r e  descr ibed  i n  t h i s  r e p o r t .  

Bioburden Modeling and Experimentat ion. Emphasis t h i s  q u a r t e r  has been 

p laced on exper imenta l  v e r i f i c a t i o n  o f  t h e  e s t i m a t i o n  and p r e d i c t i o n  model 

t h a t  has been developed and repor ted  on p rev ious l y .  A promis ing approach 

t o  p r e d i c t a b l e  (and measureable) p a r t i c l e  removal from sur faces has been 

found. Th is  method uses t h e  vacuum probe a t  s u b c r i t i c a l  a i r  f l o w  v e l o c i t i e s .  

I t  was t hen  coupled w i t h  t h e  p r e v i o u s l y  developed techniques f o r  p a r t i c l e  

d e p o s i t i o n  t o  o b t a i n  p l a teau ing  p a r t i c l e  burden data.  Add i t i ona l  progress 

has been made toward t h e  p r e d i c t a b l e  tagg ing  o f  p a r t i c l e s  w i t h  organisms 

and some p r e l i m i n a r y  da ta  obta ined.  

This pa s t  quarter,  the 

l u n a r  p l a n e t a r y  quaran t ine  i n f o m a t i o n  system, as i t  a c t u a l l y  e x i s t s  and 



i s  be ing  u s e d ,  was documented, In a d d i t i o n ,  the computerized i d e n t i f i c a t i o n  

program was completed and a r e p o r t  i s  i n  p r e p a r a t i o n .  



Thermoradiation Ster i l izat ion 

A. Description. The objective of this  act ivi ty  i s  to  thoroughly i n -  

vestigate the s te r i l iz ing  effects  of combinations of heat and 

radiation, and to  assess the pract ical i ty  of th i s  process for  space- 

c ra f t  s t e r i l i za t ion .  Thermoradiation offers the possibil i ty of 

s t e r i l i za t ion  a t  temperatures less  than 100°C a t  low dose rates 

of approximately 10 krad/hour. This i s  possible because of a 

synergistic effect  in bacterial inactivation which has been observed 

when combinations of heat and gamma radiation are applied simulta- 

neously. Should any spacecraft components prove to  be heat sensit ive 

a t  h i g h  temperatures, thermoradiation offers a potential means of 

overcoming re1 i abi 1 i  ty probl ems. 

There appear to  be potentially s ignif icant  spin-off possibi l i t ies  

for  the thermoradiation process in the s te r i l iza t ion  of drugs, phar- 

maceutical s , cosmetics, medical products and food. This i s  particular1 y 

true a t  the lower temperatures. 

B. 

. A reappraisal of the overall thermoradiation program 

was made to  determine the thoroughness of completed work and that  

which i s  planned. rThe program has a number of aspects which must 

be considered in order t o  establish the feas ib i l i ty  of %hems- 

r a d i a t i o n  for spacecraf t  s t e r i  1 i z a t i o n .  These a r e ,  for  example, 

the i n a c t i v a t i o n  w i t h  themaradialion as compared t o  dry  heat  and  



radiation separately, the e f f e c t s  of wa"ee ra t l i v i  ty , encapsul a"e;ion, 

mated surfaces, oxygen tension, e tc  .] . These vari ous aspects s f  

the study were ordered with respect t o  the program significance 

and, planned experiments were defined to  give the desired level of 

model verification. The additional experimentation required will 

address the fol lowing : 

a. Additional surface experiments in a i r  are needed using 

Bacillus sub t i l i s  var. niger for model verification t o  

give a ful l  range of temperature/radiation 1 eve1 options. 

These will be radiat ion,  dry heat and themoradiation 

experiments to  pemi t eval uati on of thermoradi a t i  on with 

respect t o  individual heat and radiation effects .  

b. Surface experiments in nitrogen are needed t o  establish the 

relationsliip between thermoradiation inactivation and an N2 

environment as compared to  inactivation in a i r .  Present 

plans for  terminal dry heat s te r i l iza t ion  will use an N2 

atmosphere. 

c. A number of additional surface experiments will be needed 

using other heat and radiation resis tant  organisms. These 

will a t  l eas t  include B, stearothevmophilus, E .  pumilus, 

S. faecium and some thermophilic organisms. 

d ,  The investigation of radiation, heat and thermoradiation 

effects in methylmethacrylate w i l l  be continued. 

e .  A few sample experiments w i t h  spores encapsulated i n  epoxy 

wi l l  be needed t o  t i e  i n t o  the methacrylate work. 



f .  Mated surface e f f e c t s  - we need t o  consider tkermo- 

radiation s t e r i  l i zation effectiveness on mated surfaces. 

This configuration, resulting in 5 values about twice 

the surface D values, seems to  be the basis that  will 

se t  terminal spacecraft s t e r i l  ization cycles instead of 

the encapsulated contamination. The present rationale 

suggests that  a l l  encapsulated contamination will be 

s te r i l ized  during the f l ight  qualification cycle and only 

surface contamination that  accumulates during assembly need 

be s te r i l ized .  Thus the surface contamination that ends in 

a mated surface condition will be the most d i f f i c u l t  t o  

eliminate. We hope to  assess th i s  aspect by taking advantage 

of the techniques that have been developed in the NASA dry 

heat studies of mated surface s t e r i  l i zation. 

2. Experimental Progress. Activities th i s  quarter were devoted 

primarily to low temperature/low dose ra te  s te r i  l i zation. In 

order to evaluate thermoradiation synergism, i t  was necessary t o  

establish good base l ine data for  radiation effects  over a wide 

range of dose rates a t  room temperature, We completed room 

temperature radiation experiments a t  dose rates of 2 krads/hour, 

4 krads/hour, 8 krads/hour, 34 krads/hour, 51 krads/hour, 120 

krads/hour, and 675 krads/hour. These varied in exposure times 

from 7 days a t  the low dose ra tes  t o  60 minutes a t  the highest dose 

rates. Dose ra te  sens i t iv i ty  was confimed even a t  room tm- 

perature. The B vaf ue varied Prom 65 krads (per  %aq popu la t ion  

reduction) for  the Iswest dose rate t o  100 k r a d s  a t  the h i g h e s t  



dose r a t e ,  The results of room temperature r a d i a t i o n  e f f e c t s  

- are shown i n  Figures ; t h r o u g h  Figure 7 .  1 h i s  data i s  summarized 

in Figure 8. (The dose ra te  sensi t ivi ty  becomes more pronounced 

as the temperature increases above room temperature). 

An additional requirement to  evaluate thermoradiation syner- 

gism i s  to  obtain base l ine dry heat data. We have completed one 

experiment on - B. sub t i l i s  a t  95OC. The resulting D value from 

Figure 9 i s  1 2  hours. 

We completed a ser ies  of thermoradiation experiments a t  95OC 

over a range of gamma dose rates of 6 kradslhour (Figure l o ) ,  

11 kradslhour (Figure 11) and 38 kradslhour (Figure 12).  The 

resulting D values were 3.9 hours a t  6 krads/hour, 2.3 hours a t  

11 kradslhour and 0.9 hours a t  38 kradslhour. These data are 

summarized in Figure 13. We plan to  be rather thorough a t  95OC 

because of the potential a t  th i s  temperature. From Figure 13, 

a D value of 2 hours i s  available a t  a dose ra te  of 11 t o  1 2  

krads/hour. This ra te  would resul t  in a total  dose of less than 

250 krads for  a 10 log population reduction. In addition, 

s t e r i l  ization a t  95OC would afford many benefits,  particularly i n  

t h e  s t e r i l i za t ion  of spacecraft with l i f e  detection and other 

science packages containing 1 iquids or heat sensit ive components. 

Figure 1 4  demonstrates the singular effects o f  dry heat a t  

95'6, radiation a t  9 9  kradslhour, and then compares these singular 

e f f e c t s  t o  themsradiation a t  these same condid icns,  W good degree 

o f  synergism e x i s t s  a t  these c o n d i t i o n s  as i s  shown i n  Figure 16.  



T h e  results one would expect i f  t h e  e f f e c t s  o f  heat and r a d i a t i o n  were 

a d d i t i v e  only are shown as the additive curve. The difference between 

t h i s  a d d i t i v e  curve and the  the themoradiat ion Sine i s  due t o  syner- 

g i s t i c  i n a c t i v a t i o n "  
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FIGURE I 
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RADIATION DOSE- KRADS 

F I G U R E  5 

RADIATION INACTIVATION 

FOR - B. SUBTlL lS  AT 2 3 ' ~  
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RADIATION DOSE - KRADS 

FIGURE 6 
RADIATION INACTIVATION 

FOR - B. SUBTICIS AT 2 3 ' ~  

DQSE PATE 120 KRADSlHOUR 



RADIATION DOSE - KRADS 
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DRY HEAT INACTIVATION 
OF - B. SURTlL lS  AT 9 5 ' ~  

30% RH (ROOM) 
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RADIATION DOSE -- KRADS 

COMPARISON OF RADIATION, 
DRY HEAT AND THERMORAD l AT1 ON INACTlVAT l  ON 

AT 95 '~  - 5. SUBTlL lS  
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Modeling o f  Themoradiatian Synergism 

A. Descr ip t ion .  The o b j e c t i v e s  o f  t h i s  a c t i v i t y  a re  t o  develop a 

p h y s i c a l l y  based model r ep resen t i ng  b a c t e r i a l  spore i n a c t i v a t i o ~  i n  a 

composite environment o f  heat  and i o n i z i n g  r a d i a t i o n  and t o  make t h i s  

model a v a i l a b l e  f o r  ana l ys i s  and f o r  p l ann ing  f u t u r e  work i n  t h i s  area. 

The models which a r e  presented a re  o f  two bas i c  i n t e r r e l a t e d  types.  

The f i r s t  model i s  t h e  semi - emp i r i ca l  model which descr ibes  t h e  

b a c t e r i a l  spore i n a c t i v a t i o n  r a t e  as a f u n c t i o n  o f  r a d i a t i o n  dose r a t e  

and temperature.  The second model i s  a p r e l i m i n a r y  e f f o r t  a t  comple te ly  

g e n e r a l i z i n g  a t h e o r e t i c a l  model d e s c r i b i n g  t h e  spore i n a c t i v a t i o n  i n  

t h e  composite environment. The general  i z a t i o n  o f  t h e  p r e v i o u s l y  

r epo r ted  t h e o r e t i c a l  model i s  be ing  done w i t h  t h e  c o n s t r a i n t s  t h a t  i t  

be ab le  t o  f i t  t h e  accumulated da ta  and t h a t  i t  be i n  broad agreement 

w i t h  prev ious model i ng e f f o r t s .  

B .  

1. Update o f  Parameter Values . The o r i g i n a l  parameter values f o r  

t h e  e m p i r i c a l  i n a c t i v a t i o n  model 

where T i s  temperature i n  degrees Kelvin and rd i s  the gamma 

dose rate i n  kilorads per hour were based upon two ambien t  

temperature da ta  poin ts  obtained over  I 1 / 2  years ago. T h i s  



quarter a more cmpf  e te  set  o f  ambient temperature r a d i a t i o n  i n -  

a c t i v a t i o n  da ta  has been obtained and t h i s  has a l lowed a pcssible 

re f inement  o f  t h e  parameter values. Th is  de te rm ina t i on  o f  new 

parameter values has been c a r r i e d  ou t  i n  two d i f f e r e n t  ways. 

F i r s t ,  t o  demonstrate t h e  v a l i d i t y  o f  t h e  model as a use fu l  

p r e d i c t i v e  t o o l  , t h e  parameters a, B , and y were c a l c u l a t e d  us ing 

exper imenta l l y  determined r e a c t i o n  r a t e  cons tan ts  a t  2 5 O C  and 

r a d i a t i o n  dose r a t e s  o f  8 and 32 k i l o r a d s  pe r  hour  and a t  105OC 

and 22 k i l o r a d s  pe r  hour.  These t h r e e  da ta  p o i n t s  p rov ided  t he  

values a = 276 degrees Ke l v i n ,  B = 4.75 and y = 2403 degrees Ke lv in .  

An i n d i c a t i o n  o f  how w e l l  these parameter values can p rov ide  accu- 

r a t e  i n a c t i v a t i o n  p r e d i c t i o n  i s  shown i n  F igu re  1 where o t h e r  data 

p o i n t s  a re  compared w i t h  t h e  model generated p r e d i c t i o n s  . 
The second method f o r  parameter de te rm ina t i on  centered about 

determin ing an "op t ima l "  s e t  o f  parameter va lues.  The sense 

i n  which t h i s  was done was t o  (1  ) d e f i n e  a as a runn ing  index,  

(2)  c a l c u l a t e  B and y f o r  every p o s s i b l e  combinat ion o f  17 rep-  

r e s e n t a t i v e  da ta  p o i n t s  taken two a t  a t ime, (3 )  f i n d  t he  mean 

va lue  o f  B and y, and ( 4 )  s e l e c t  t he  op t ima l  va lue  o f  a and i t s  

corresponding mean values o f  B and y on t h e  bas i s  o f  f i n d i n g  

where kMi i s  the model generated reaction rate  constant  and 

k i s  the experimental value fo r  the same temperature and D S" 

dose r a t e .  The so lu t ion  t o  equat ion ( 3 )  p rov ided  a = 260.0 



degrees Kelvin, B = %,09 and y 2439 degrees Kelvin. These 

pa rme te rs  are  i n  c lose  agreement w i t h  those based only Qn three 

data po in t s ,  and the  value o f  equat ion (3 )  f o r  the f i r s t  s e t  o f  

parameters i s  on ly  0.1 greater  than t h a t  f o r  t he  second se t .  

The most obvious observat ion concerning these new parameter 

determinat ions as compared t o  the  o r i g i n a l  s e t  i s  t h a t  a has i n -  

creased from 218OK t o  somewhere i n  the  range 260 - 27F°K. This  

i nd i ca tes  t h a t  t he  non l inear  r a d i a t i o n  dose r a t e  dependence terminates 

i n  t he  range -13OC t o  3OC r a t h e r  than a t  approximately -55OC as 

o r i g i  na l  l y  observed. 

2. Thermoradiation Temperature Requirements. If thermoradiat ion were 

employed as a s t e r i l i z a t i o n  mechanism, then there  would be some 

upper l i m i t  D imposed on the  t o t a l  gamma dose which could be used 

w i thou t  r i s k i n g  r a d i a t i o n  damage t o  the  more s e n s i t i v e  spacecraf t  

components. I f  equation (1 ) i s  assumed as the form o f  t he  i n -  

a c t i v a t i o n  curve o f  the b a c t e r i a  on the  spacecraft and i f  the  

i n t e g r a t i o n  o f  heat-up and'cool  down times are ignored f o r  s imp l i c -  

i t y ,  then a t  the  end of t h e  s t e r i l i z a t i o n  cyc le  o f  tS hours and 

p logs o f  popu la t ion  reduct ion  the  c o n d i t i o n  w i l l  be 

k t s  - p l n l O  - 2 . 3 0 3 ~ .  

Also,  i f  the  maximum t o t a l  dose Ds i s  u t i  1 i z e d ,  then 



Equations ( 5 )  and ( 6 )  may be used to  calculate the temperature 

and time required to  provide a  p log population reduction with a  

maximum total  dose D for  a  family of radiation dose rates.  The 

solution of equation ( 5 )  for  the temperature T i s  most easily 

done numerically. These calculations are i l lus t ra ted  in Figure 2 

for  an 8 log population reduction. In Figure 2 the temperature 

required for  the specified population reduction i s  plotted as a  

function of the total  radiation dose used for the selected family 

of radiation dose rates.  Also plotted i s  a  family of isotime 

lines or ,  in other words, a  family of loci for which the s t e r i l i -  

l ization time tS i s  a  constant. As an example, consider the locus 

for t equal 5 hours. The temperatures and radiation doses re- 

quired for the 8 log population reduction are 116.37OC and 50 kilo- 

rads, 113.34OC and 100 kilorads, 109.93"C and 15r7 kilorads, ln5.7l0C 

and 200 kilorads, and 10n.13°C and 250 kilorads for dose rates of 

10, 20, 30, 40 and 50 kilorads per hour respectively. Figure 2 

also i l l u s t r a t e s  that the minimization of the s te r i l iza t ion  tem- 

perature i s  accomplished by using the lowest possible dose ra te  
\ 

which will not exceed some upper bound on s te r i l iza t ion  time for 

any specified total  dose. Again, as an example, for  a  maximum 

dose of 150 kilorads and a  maximum time tS = 5 hours, the lowest 

s t e r i l i z a t i o n  tempera tu re  i s  909.93"C a t  a dose r a t e  o f  3'7 k i l o -  

rads pe r  hour ,  T h i s  may be compared w i  t h  t h e  temperature reoui re - 

ment for  dry heat alone for the same 8 l o g  population reduction 



w i t h i n  the same 5 hour period, Th is  temperature would be 120°C 

f o r  the  stock o f  - B, s u b t i l i s  which i s  being modeled, 

3. . The t h e o r e t i c a l  k i n e t i c  model which 

was described i n  SC-RR-70-203 and i n  OR-16 represents the  i n a c t i v a t i o n  

o f  a b a c t e r i a l  spore 's  c r i t i c a l  subs t ra te  A by a f r e e  r a d i c a l  pop- 

u l a t i o n  R a t  a r a t e  kl and the simultaneous i n a c t i v a t i o n  o f  t he  

same subst ra te  by heat a t  a r a t e  kT. These i n a c t i v a t i o n s  are  

schemat ica l ly  represented as 

and 

where D and X represent  i n a c t i v a t e d  s ta tes  o f  t he  c r i t i c a l  sub- 

s t r a t e  A and i n f e r  death o f  the  spore. I n  the  f i r s t  development 

o f  t h i s  k i n e t i c  model t he  f r e e  r a d i c a l  popu la t ion  was e x p l i c i t l y  

def ined by t h e  equat ion 

where CR(rd ,T) represents an equi 1 i b r i  urn concentrat ion o f  f r e e  

r a d i c a l s  and C2(rd,T) represents a concentrat ion o f  r a d i c a l s  

resulting frm any p r e i r r a d i a t i ~ n  treatment.  Some e f f o r t  has 

been devoted this  quarter t o  the task o f  de f i n ing  R ( t )  by a 

r a t i o n a l  k i n e t i c  reac t i on  r a t h e r  than by the  expl i e i  t d e f i n i t i o n  



o f  equat ion (9 ) .  

The most promising r e s u l t s  i n  t h i s  i n v e s t i g a t i o n  have come 

from d e f i n i n g  a very general ized subs t ra te  S which i s  probably 

composed o f  a v a r i e t y  o f  ma te r i a l s  t h a t  p rov ide  the  f r e e  r a d i c a l s  

R when i r r a d i a t e d  w i t h  gamma photons. This generat ion o f  R may 

be more completely described by the  r e v e r s i b l e  r e a c t i o n  

where Q i s  a l s o  a f r e e  r a d i c a l  species which does n o t  necessar i l y  

a f f e c t  t he  c r i t i c a l  subs t ra te  A. The r e a c t i o n  r a t e  parameter kR 

i s  a f u n c t i o n  o f  t h e  r a d i a t i o n  dose r a t e  and describes the  r a t e  

o f  p roduct ion  o f  R, and the  parameter k4 i s  a f u n c t i o n  o f  tem- 

pera ture  and describes the  r a t e  o f  recombinat ion o f  t he  two r a d i c a l  

species. The general ized subs t ra te  S i s  assumed t o  be dependent 

upon the cond i t i ons  under which the  spores are  t rea ted  w i t h  

thermoradiat ion - such as the  embedding ma t r i x ,  t he  r e l a t i v e  humidi ty ,  

t he  oxygen p a r t i a l  pressure, e t c .  

The non l inear  d i f f e r e n t i a l  equations which descr ibe the  i n -  

a c t i v a t i o n  process are  

and 



Two cases are now considered for  the d e f i n i  t i o n  o f  S and Q ,  

For the  f i r s t  poss ib le  s i t u a t i o n ,  assume t h a t  the  supply o f  S i s  

re1 a t i  ve l y  constant  and appears as a  se l  f - r e g u l a t i n g  system. 

This could be the  case i f  S represented a  water  vapor o r  an oxygen 

dependent subs t ra te  and i f  the spores were exposed i n  an open 

system. For t h i s  case 

where the  constant  represent ing S i s  an added parameter. The 

s o l u t i o n  o f  t h i s  complete s e t  o f  equations provides r e s u l t s  i n  

good agreement w i t h  the  experimental r e s u l t s  f o r  open systems. 

With S a  constant,  R b u i l d s  up t o  some e q u i l i b r i u m  concent ra t ion  

very r a p i d l y  and changes on l y  s l i g h t l y  f o r  the  remainder o f  the  

per iod  o f  i n t e r e s t .  This  i s  cons i s ten t  w i t h  the concept expressed 

i n  equat ion ( 9 )  where CR(rd ,T) i s  the  equi l i b r i u m  concent ra t ion  

and kg  i s  the r a t e  a t  which t h i s  concent ra t ion  i s  approached. 

For t he  second poss ib le  s i t u a t i o n  o f  i n t e r e s t ,  S i s  a  subs t ra te  

which has some i n i t i a l  value bu t  i s  depleted and no t  replenished 

when the f r e e  r a d i c a l s  a re  produced. This  could be the  case when 

t h e  spores a r e  embedded i n  a  nonporous m a t r i x  such as methyl -  

methacry late or i n  a  closed a i r - t i g h t  conta iner  and are  subsequently 

treated w i t h  t h e m o r a d i a k i o n  Were the  applicable differential 

equat ion i s  



w i t h  

where So i s  t he  i n i t i a l  concent ra t ion  o f  S. The general s o l u t i o n  

o f  the  complete s e t  o f  equations f o r  t h i s  case a l lows R t o  b u i l d  

up r a p i d l y  a t  f i r s t  b u t  then decrease t o  a low concentrat ion as 

t h e  concent ra t ion  o f  S i s  depleted. This  can e x p l a i n  the  r a p i d  

i n i t i a l  i n a c t i v a t i o n  fo l lowed by  a much slower subsequent r a t e  

f o r  spores embedded i n  methacrylate. 

I n  e i t h e r  case, descr ib ing  R i n  t h i s  manner provides an 

exp lanat ion  f o r  the  i n a c t i v a t i o ~  r a t e  o r  D value f o r  spores being 

dependent upon the  i n i t i a l  load ing  as repor ted i n  SC-RR-69-857. 

As p rev ious l y  po in ted  out ,  both equations (11 ) and (12) a r e  non- 

1 i near. Since they are  nonl i near, t h e i  r s o l  u t i  ons w i  1  1 i n h e r e n t l y  

depend upon the  i n i t i a l  values o f  bo th  A and R. More s p e c i f i c a l l y ,  

t h e  b u i l d  up and subsequent behavior o f  the  f r e e  r a d i c a l  con- 

c e n t r a t i o n  R i s  dependent on t h e  i n i t i a l  concentrat ion o f  A as shown 

i n  equat ion (12), and the  r a t e  o f  decrease i n  A i s  very dependent 

upon t h e  concent ra t ion  o f  R. Therefore, changing the  i n i t i a l  

l oad ing  a f f e c t s  the  r a d i c a l  concent ra t ion  and the  r a t e  o f  i n a c t i v -  

a t i o n  o f  W i n a coupled, non l inear  manner. 

The fornula t ion  o f  equation (12)  a l s o  provides a r a t iona l  expla-  

nat ion f o r  the reaction rate parameter k sf equa t ion  (2) b e i n g  a 



nonlinear temperature dependent funct ion o f  t he  r a d i a t i o n  dose 

ra te ,  Once again the  rate nf i n a c t i v a t i o n  o f  A a t  any temperature 

i s  dependent on the concent ra t ion  o f  R; however, t he  concentrat ion 

o f  R i s  bo th  dependent upon the  dose r a t e  and upon the  temperature 

du r ing  i r r a d i a t i o n .  This  non l inear  coup1 i n g  o f  the dose , ra te  and 

temperature e f f e c t s  may prov ide  the  empi r ica l  d e s c r i p t i o n  i n  

equat ion ( 2 ) .  

E f f o r t s  a re  now under way t o  determine the  d e s c r i p t i o n  o f  t h e  

r a t e  parameters k, , k p ,  and kR which w i  11 be cons i s ten t  w i t h  t h e  

i n fo rma t ion  obtained from the  formulat ions o f  equations (2 )  and 

( 9 )  and w i t h  the  form o f  t h e  experimental r e s u l t s .  The so lu t i ons  

f o r  t h e  se ts  o f  equations are being determined numer ica l l y  us ing a 

f o u r t h  order  Runge-Kutta r o u t i n e  w i t h  a  s tep  s i z e  o f  .01 t o  .001 

hours. The gross n o n l i n e a r i t y  o f  t he  s e t  o f  equations promises 

t o  p rov ide  some i n t e r p r e t a t i o n s  o f  t he  anmalous experimental r e -  

s u l  t s  obtained a t  a  very low dose r a t e  and a  temperature o f  105°C. 

4 .  A s imple 

mathematical explanat ion o f  " syne rg i s t i c  i n a c t i  v a t i  on" i n  heated 

mi c rob i  a1 i n a c t i v a t i o n  processes has been devel sped. This  

exp lanat ion  compares the degree o f  i n a c t i v a t i o n  o f  a  m ic rob ia l  

popu la t ion  i n  a cmbined environment o f  heat  and any chemical ly  

a c t i n g  an t im ic rob ia l  agent w i t h  the sum o f  the  i n a c t i v a t i o n s  o f  

heat  and the  antimicrobial a g e n t  a c t i n g  alone for equal ~ e r i o d s  

of t ime. The basis for t h e  observed ""synergism" i s  shown to be 

simply the tmperature dependence s f  the chemically a c t i v e  a g e n t ,  
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I nemoradSat5on Inaetf v a t i o n  I n  

Open and Closed Systems 

A. . The o b j e c t i v e  o f  these experiments i s  t o  develop a 

p r a c t i c a l  experimental p ro toco l  which can be used t o  study the  

parameters a f f e c t i n g  the  r a t e  o f  i n a c t i v a t i o n  o f  b a c t e r i  a1 spores 

by themtorad ia t ion  i n  a closed system. I n  the  course o f  t h i s  study, 

i t  i s  hoped t h a t  a t  l e a s t  a p a r t i a l  understanding o f  t h e  decreased 

r a t e  o f  i n a c t i v a t i o n  i n  mat r ices  such as methylmethacryl a te,  g e l a t i n ,  

epoxy, etc . ,  w i l l  be obtained and t h a t  p r a c t i c a l  models o f  c losed 

systems can be developed. 

B. Progress. Las t  quar ter ,  the f e a s i b i l i t y  o f  us ing simple closed 

aluminum systems t o  approximate t h e  behavior o f  methylmethacrylate 

systems was demonstrated. This  was done using aluminum ampoules 

constructed by d r i l l  i n g  3/8- inch diameter holes, 3/4-long i n t o  1 - inch 

sect ions o f  112-inch aluminum ba r  stock. The mouth o f  each ampoule 

was threaded f o r  a 114-inch long, 318-inch x 24 socket head screw 

which was equipped w i t h  a t i g h t l y  f i t t i n g  1/4-inch rubber "0" r i n g .  

Subsequently, t he  a1 uminum ampoules were loaded by p lac ing  0.5 m l  

of 2 x 10' per  m l  ethanol suspension o f  B a c i l l u s  s u b t i l i s  var.  
' 

spores i n t o  the  c a v i t y  and evaporat ing the  ethanol i n t o  a p a r t i a l  

vacuum (25  i n .  Hg) f o r  approximately 16 hours over a desiccant.  

For experimentat ion, t h e  ampoules were arranged i n  groups sf s i x  i n  

small alunt.r"nm racks and placed i n  the cmposite heat-radiatjsrr environ- 

ment w i t h  t h ree  o f  the s i x  ampoules sealed and th ree  open. 



After exposure, t h e  spores were rmoved Prm t h e  ampoules by 

deposi t ing each ampoule (open end down) i n  a f l a t  bottomed c y l i n d r i c a l  

glass  b o t t l e  f i l l e d  w i t h  25 ml of cold 1-percent peptone water and 

sonicating f o r  two minutes. Data taken a t  20 kradslhour and 12O0C 

and 105OC a r e  shown i n  Figures 1 and 2. This past quar te r ,  data were 

obtained addi t ional ly  a t  112OC and 20 kradslhour. T h i s  i s  shown i n  

Figure 3 .  Moisture and pressure values f o r  these systems is  shown 

i n  Table 1 .  

The RH values i n  Table 1 include only amospheric moisture. These 

values l i e  approximately i n  a range where previous experimentation 

( c f .  QR 1 4 )  indicates  themoradia t ion inact ivat ion i s  insens i t ive  t o  

moisture. On t h e  other hand, should additional moisture from oxide 

1 ayers be present, t h i s  may not be t rue .  

En an a t t m p t  t o  detern ine whether mo is tu re  t r apped  i n  ox ide  

layers i n  the aluminum ampoules might he a p a r t i a l  cause o f  the 

phenmenon seen i n  Figures 1 ,  2 and 3, a closed system experiment 

was r u n  i n  glass ampoules, The large end o f  Pasteur pipettes were 



flame sealed and the p i p e t t e s  were sterilized and loaded w i t h  0 - 5  m l  

7 o f  the previous 2 x 90 ethanol spare suspension us ing a I m9 syr inge.  

These p ipe t tes  were d r i e d  r a p i d l y  (20 sec.) a t  100°C and under 25 i n .  

Hg vacuum and then a1 lowed t o  stand i n  a vacuum f o r  16 hours over 

a desiccant.  Next they  were a l  lowed t o  stand 24 hours a t  ambient 

pressure and an RH o f  approximately 20%. The small ends were then 

flame sealed, and the  ampoules were exposed t o  a thewnoradiat ion 

environment o f  120°C and 20 krads/hour. To recover the  spores the  

smal l  end o f  t h e  p i p e t t e  was c u t  o f f  and 1 ml o f  s t e r i l e  l -percent 

peptone water was added. The p i p e t t e  was then sonicated f o r  two 

minutes. Data f o r  t h i s  c losed g lass system were somewhat l i k e  t h a t  

f o r  t he  closed aluminum system under the  same cond i t ions  - b u t  were 

s u f f i c i e n t l y  e r r a t i c  t o  leave doubt about poss ib le  moisture e f f e c t s .  

Thus, t h i s  approach d i d  n o t  r u l e  o u t  mo is tu re  as a p a r t i a l  cause o f  

t h e  d i f f e rences  observed between open and closed systems. 

Because o f  t he  indeterminancy o f  the  above approach, i t  was 

s imply assumed t h a t  pressure i s  t h e  major causat ive f a c t o r  i n  t h e  

d i f f e r e n c e  i n  i n a c t i v a t i o n  ra tes  between open and closed systems i n  

t h e m o r a d i a t i  ve envi ronments , and then t h e  reasonableness o f  t h i s  

assumption was i nves t i  gated. 

Usi ng the  model p rev ious l y  devel oped fo r  t hemorad i  a t  i o n  (c f .  

QR% 115 and 16) the  popu la t i on  was assumed t o  behave according t o  

the equat ion 

E $ n ( t ) ]  = n ( s >  e - k t  

where n ( t )  i s  t he  s u r v i v i n g  popu la t ion  a t  t i m e  t ,  E denotes 



mathematical expectation and t = kT + kS is  the chemical i n a c t i  v a t l o n  

r a t e  o f  s m e  spore substance A by the  reac t ions  

where R i s  t h e  f r e e  r a d i c a l  concentrat ion.  

Combining t h i s  previous work on t h e  form o f  k i n  thermoradiat ive 

environments w i t h  t h e  work i nco rpo ra t i ng  pressure i n t o  spore i n -  

a c t i v a t i o n  ( c f .  QR 15 and 16) y i e l d s  k i n  t h e  form 

where K i s  Boltzman's constant,  h i s  Planck 's  constant,  R i s  t he  gas 

constant,  a i s  an e m p i r i c a l l y  determined parameter r e l a t e d  t o  the  

f i.' f steady s t a t e  f r e e  r a d i c a l  concentrat ion,  AH:, A #  . , and AS, ,  b g  . 
are the  zero pressure a c t i v a t i o n  en tha lp ies  and zero pressure 

p" a c t i v a t i o n  en t rop ies  respec t i ve l y ,  A V  and A U  are the  a c t i v a t i o n  

volumes o f  t he  reac t i on  types A-B and A + R 4 C  respec t i ve l y ,  and 

p i s  the  absolute pressure a t  which these reac t ions  take place. 

The temperature, T, i s  i n  degrees Ke lv in ,  and rd i s  the  r a d i a t i o n  

dose r a t e  i n  k i l o r a d s  per hour. 

A t  ambient pressure p. and a dose r a t e  rd,  one gets f o r  two 

temperatures TI and T2 



where 

and 

1 where R i s  t h e  gas cons tan t  i n  c.c. ATM./Deg. * mole. 

Since t h e  da ta  f rom t h e  open systems agrees w i t h  da ta  obta ined p re -  

# v i o u s l y  f rom a1 uminum f o i  1 systems ( c f .  QR I s ) ,  t h e  va lues o f  ASo,  

f SA,, and a a r e  a l r eady  known. Under these circumstances, we may 

regard  

and 

as known, and t he  above two equat ions t ake  t h e  fom 



Here k1 and kp a re  ob ta ined  from t h e  s u r v i v a l  data ( k  = LogelO/D, 

where D i s  t h e  D-value) and TI , T2, rd and a a r e  known. Thus, 

equat ions * rep resen t  two equat ions i n  two unknowns and, i n  t h i s  

case, must be so lved  numer i ca l l y  f o r  x and y f o r  each of  t h e  t h r e e  

p a i r s  o f  temperatures: (105*C, 112"C), (105OC, 1 20°C), and (11 Z°C, 

1 20°C). I n  each case t h e  values were e s s e n t i a l l y  t h e  same, so t h a t  

t h e  average values x = EXP(-17044) and y = EXP(-2730) were used. 

Next, we observe t h a t  f o r  pressures p, o t h e r  than  ambient ( p " ) ,  

f where x and y a r e  known from above, 1 eav i  ng o n l y  A V  and A u as 

unknowns ( k  be ing  again obta ined Prom the  s u r v i v o r  da ta ) .  Hence, 
P 

da ta  f rom any e leva ted  temperatures (and hence pressures d i f f e r e n t  

f rom ambient i n  t he  c losed  systems) y i e l d s  two equat ions i n  which 

f o n l y  nV and nuf  appear as unknoigns. These unknowns may be deter- 

mined numerically and the results s f  do ing t h i s  are shown i n  

T a b l e  '2, 



TABLE 2 

f f Since t h e  values of A V  and A U  a re  ext remely  s e n s i t i v e  t o  changes 

i n  i n a c t i v a t i o n  r a t e  k, t h e  v a r i a b i l i t y  found i n  Table 2 i s  e a s i l y  

accounted f o r  by n a t u r a l  v a r i a b i l i t y  i n  s u r v i v o r  data.  

Genera l ly ,  however, t h i s  demonstrates t h a t  i n a c t i v a t i o n  volumes 

i n  t he  ranges 58 t o  206 l i t e r s / m o l e  a re  adequate t o  e x p l a i n  t he  d i f -  

ference i n  s u r v i v o r  curves i n  open and c losed  systems i n  t h e m o -  

r a d i a t i o n  environments. To determine whether t h e  assumption t h a t  

pressure i s  a ma jo r  causa t i ve  f a c t o r  i n  t h e  slow r a t e  o f  i n a c t i v a t i o n  

7! i n  c losed  systems i s  reasonable,  one may ask whether values o f  AV.  

and A V  if i n  t h i s  range a r e  reasonable values p h y s i c a l l y .  One means 

o f  do ing t h i s  i s  t o  ask what percentage volume change o f  va r ious  

spore c o n s t i t u e n t s  would a c t i v a t i o n  volumes o f  t h i s  magnitude 

represen t ,  and whether such a percent  change i s  compat ib le  w i t h  

those known t o  occur  i n  smal l  molecules.  To make t h i s  comparison, 

one must f i r s t  know t h e  mo la r  volumes o f  spore c s n s t i t u e n t s  t h a t  

m igh t  be regarded as l i k e l y  candidates f o r  t he  substrate,  A, be ing 

degraded,  The most predominant member o f  t h e  substrate A i s  probably 

the DNA molecule which has a molar uol m e  s f  approximately 9 .395 x 40 
6 



l i  terslmsfe (Matson, 1955, p, 85 and K a t z  R Sckachman, 1955).  The 

se average value of BV listed i n  Tab le  2 i s  134 liters/mole, and t h i s  

represents a .0097% change i n  the  molar v o l m e  o f  t he  DNA. S i m i l a r l y  

t h e  average value o f  A v represents a .0106% change i n  the  DNA molar 

volume. Both o f  these percentages are cons is ten t  w i t h  percentage 

changes known t o  take p lace f o r  smal ler  molecules. On t h i s  basis  t h e  

f f values which were determined f o r  AV and A U  could be termed as being 

" feas ib le . "  
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Prel imi nary Analysis of the Radiation Burden 

Of A Typical Mars Lander 

A. Description. The objective of t h i s  act ivi ty  i s  t o  provide a pre- 

l iminary indication of the radiation dose which would be received by 

a typical Mars lander mission. This estimate can be used to  help 

determine the maximum feasible radiation doses which can be used 

in any prelaunch spacecraft s t e r i  1 i zati on act ivi ty  . 

B. Progress. The f i r s t  phase of th i s  act ivi ty  has been completed. 

This phase has been characterized by a gain in understanding of the 

sources and types of natural space radiations and by the completion 

of an estimate of the dose of each type of radiation fo r  a twelve 

month travel time plus a maximum s ix  month operational period on 

the planet 's  surface. A short discussion of these upper bound 

estimates i s  given below. 

The s ix  possible sources of radiation which will  contribute to  

the accumulated dose of a Martian lander are: (1) par t iculate  radi- 

ation (electrons and protons) trapped i n  the geomagnetic f i e l d ,  ( 2 )  

galactic or cosmic radiation in the form of extremely energetic hare 

nuclei , ( 3 )  proton and alpha radiation from solar  stonns , ( 4 )  neutron 

and gama radiation from radioisotope themoel ec t r ic  generators ( R T G )  , 

( 5 )  radiation released f r m  the detonation o f  nuclear weapons, and 

(6 )  radiation used f o r  spacecraft s ler i  I i t a t i s n  purposes, Provided 

there are no amospheric detonations preceding o r  during the launch 



o f  the spacecraft ,  idem ( 5 )  ws"cll not  be present. Therefore a survey 

s f  the h i  r s t  f o u r  i tems i s  necessary t o  f o m  a  bas i s  f o r  r a t i o n a l e  

concern ing t h e  use o f  i t em  ( 6 ) .  A summary o f  these upper bound 

est imates o f  t h e  spacec ra f t ' s  i n t e r i o r  components f o r  years o f  

s o l a r  maximum (years o f  g r e a t e s t  s o l a r  f l a r e  a c t i v i t y )  and two d i f -  

f e r e n t  space s h i e l d i n g  c o n d i t i o n s  a r e  g i ven  i n  Table I and Table 11. 

TABLE 1  

An Es t imate  o f  t h e  Upper Bound on a  Typ i ca l  Mars Lander M iss ion  

Rad ia t i on  Burden Assuming a  Space Sh ie l d i ng  o f  1.0 gm/cm 2 

Source o f  Rad ia t ion  

Geomagnetic F i e l d  (Van A1 l e n )  

So 1 a r  F l  ares 

G a l a c t i c  Rad ia t ion  

RTG Rad ia t i on  (680 Thermal Watts) 

Neutrons 

Gamma 

Amount 
(RADS) 

To ta l  



An ~ s t i m a t e  o f  the Upper Bound on a  Typ ica l  Mars Lander Mission 

Source o f  Radiat ion 

Geomagnetic F i e l d  (Van A l l en )  

So lar  F lares 

Ga lac t i c  Radiat ion 

RTG Radiat ion (680 Thermal Watts) 

Neutrons 

Gamma 

Amount 

21 20 

1130 

Tota l  3436 

I 

As has been stated,  t he  t o t a l  r a d i a t i o n  doses described i n  Tables 1 

and 2 a re  probably very l i b e r a l  upper bounds s ince  the  est imate 

o f  t he  s o l a r  f l a r e  c o n t r i b u t i o n  i s  based upon ra tes  dur ing  years o f  

s o l a r  maximum, whereas the  years o f  the  middle 70 's  a re  years o f  

s o l a r  minimum. During t h e  years o f  s o l a r  minimum, the f l a r e  con- 

2 t r i b u t i o n  f o r  a  12 month t r i p  w i t h  1.0 gm/cm s h i e l d i n g  i s  approx- 

2 ima te l y  400 rads, and t h e  c o n t r i b u t i o n  w i t h  90 gm/cm s h i e l d i n g  i s  

o n l y  20 rads. Using these expected f l a r e  doses, t he  t o t a l  dose 

2 would be 3774 rads Par I .0 gm/cm sh ie ld ing .  Hence, a c ~ n c l u s i s n  

which may be drawn i s  t ha t  t he  RTG will  provide the largest share 

o f  the t o t a l  r a d i a t i o n  dose o f  any 18 month missbon dur ing  the 



Humidity Control Systems 

A. kscr ip t ion .  Studies on spore inactivation as a function of relat ive 

humidity for fixed temperature has in general been done in closed 

systems. The t a c i t  assumption has been that pressure effects under 

these conditions are negligible so that  these studies closely approx- 

imate the actual effect  of RH changes. There are reasons for  question- 

ing th is  assumption ( Q R  16 at d 17).  Therefore, i t  i s  desirable t o  

carry out such studies in open systems. To this  end humidity control 

systems which enable us to  carry o u t  inactivation studies in open 

systems are being developed. 

B. Progress. Extensive modifications were made t o  the humidity control 

system which operates on the controlled saturation temperature con- 

cept (QR 1 7 ,  p .  43) .  The capability of the system to  furnish very dry 

a i r  was extended greatly by pressurizing the saturation portion of the 

system and then adding a desiccant bed with controllable a i r  flow- 

through. Each of these modifications and other changes are  described 

separately be1 ow. 

1 .  Pressurization of the System. The basic features of the 

original system were retained, b u t  the saturator chamber in 

the warn water bath and the trap i n  the cold water bath were 

replaced with pressure vessels. Also, a l l  plast ic  tubing was 

replaced w i t h  copper tubing and h igh  pressure connections,  and  

a pressure gage and valve were added (see Fiqure 1 ) .  In th is  

way, t h e  a i r  can be completely saturated a t  any pressure up  



t o  6 atmospheres above ambient pressure and  t hen  expanded t o  

ambient pressure w i t h  a predictable a ~ d  controlled reduction i n  WH. 

Since our 1 aboratory i s  located a t  5430 feet  above sea level , 

the standard absolute a i r  pressure i s  12 .2  psia. Assuming that 

ideal gas laws apply to water vapor and knowing the vapor pressures 

involved, the RH can be regulated by control 1 ing the amount of 

pressure applied to the system. Therefore, the RH a t  any given 

saturation temperature can be reduced to  one-half a f te r  expansion 

by adding one atmosphere of pressure. By increasing the pressure 

to  two atmospheres (24.4 psig) ,  the RH i s  reduced to  1/3 of the 

original value. Six atmospheres (73.2 psig) appears to  be the 

practical l imi t for pressurizinq the system, since the further 

addition of pressure yields only minimal reductions in R H .  This 

relationship i s  i l lustrated in Figure 7. 

The use of pressure in the system in effect  provides a vernier 

control of RH between the lowest RH at tainable a t  a given saturation 

temperature a t  ambient pressure and the RH at tainable a t  the same 

temperature with six atmospheres pressure. For example, a i r  

saturated a t  2°C will have an RM of about 27% a t  22°C. When the 

system i s  pressurized to  73.2 psig, the R H  i s  reduced to about 

3.8% a t  22°C. 

Desiccant Bed. Even though the pressure greatly increased the 

low range RH capabili ty,  s t i l l  lower RH values were needed for 

some sf our  dry heat  sterilization experiments* Therefore, the 

system was ful-tf~er m o d i f i e d  by adding a des i ccan t  bed chamber ws"t11 

an adjustable bypass l i n e .  



When the desiccant bed i s  used, the  relat ively dry a i r  from the 

pressurized portion of the system i s  expanded to ambient pressurn 

and then passed through the desiccant before enterine the temperature 

chamber. The bypass valve regulates the amount of a i r  passinq 

through the desiccant so that  any portion or a l l  of the 30 l i t e r s  

per minute airflow can be directed through the desiccant chamber. 

This feature extends the low range RM capability from 3.8% 

a t  2Z°C to 0.15% a t  2Z°C. I t  i s  interesting t o  note that  corres- 

ponding RH values a t  105OC, a temperature frequently used i n  the 

dry heat experiments, are about 3.09% and 0.0935% respectively. 

3 .  The RH temperature conversion chart (Figure 3 )  was extended down- 

ward from a saturation temperature of -16OC to  -lOO°C. Dewpoint 

(saturation temperature) measurements are made periodical 1 y from 

samples of a i r  entering the temperature chamber. This chart pro- 

vides a convenient way to convert the dewpoint readings t o  RH a t  

any temperature of in te res t  and to verify calculated RH values. 

Further, i t  i s  used extensively as a tool to  determine desired 

RH values a t  given temperatures in the design of experiments. 

4 .  Temperature Chambers. Although the temperature chambers are not 

part of the humidity control systems per s e ,  a chamber which 

admits ambient a i r  can reduce the effectiveness of the humidity 

control. Therefore, the temperature chambers used both w i t h  the 

dry  heat and themoradiatisn experiments were d ismant led ,  sealed, 

and ~eassembled, T h i s  sealing ope ra t i on  facilitates m a i n t a i n i n g  



a s l i g h t  overpressure i n  the  chambers and prevents the i n d u c t i o n  

o f  ambient a i r .  
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Bioburden Modeling and Exper imentat ion 

A. Desc r i p t i on .  I n  a t t emp t i ng  t o  es t imate  o r  p r e d i c t  t h e  b ioburden 

on a  spacec ra f t  su r f ace  a t  any t ime  t, t h e  f i r s t  es t imate  u s u a l l y  

ob ta ined  i s  t h a t  o f  t h e  expected ( o r  mean) b ioburden H ( t )  a t  t h a t  

t ime.  I t  must be remembered, however, t h a t  t h e  p r o b a b i l i t y  t h a t  t he  

a c t u a l  burden exceeds t h i s  es t ima te  o f  H ( t )  can be q u i t e  l a r g e .  Thus, 

i n  o rde r  t o  be c o n f i d e n t  about s t e r i l i z a t i o n  procedures, one needs 

more i n f o r m a t i o n  about t h e  b ioburden than  j u s t  an es t imate  o f  t he  

mean burden. I t  would be d e s i r a b l e  t o  have a  means o f  answering 

ques t ions  o f  t h e  form: What i s  t h e  p r o b a b i l i t y  t h a t  t h e  a c t u a l  burden 

exceeds t w i c e  the  es t ima te  o f  H ( t )  , t h r e e  t imes t h e  es t imate  o f  H ( t )  , 

t e n  t imes t h e  es t ima te  o f  H ( t ) ,  and so f o r t h ?  The o n l y  hope o f  o b t a i n -  - 

i n g  such i n f o m a t i o n  i s  t o  have e x p l i c i t  knowledge o f  t h e  q u a n t i t i e s  : 

P . ( t )  = t h e  p r o b a b i l i t y  t h a t  t he re  a re  p r e c i s e l y  
J j organisms on t h e  su r f ace  o f  i n t e r e s t  

a t  t ime  t, f o r  j = 0, 7 ,  2, ... 

Knowing t h i s  d i s t r i b u t i o n  o f  t h e  number o f  organisms on t he  su r f ace  

a l l ows  one t o  answer quest ions of  t h e  above f o m .  Thus, f o r  example, 

i f  t h e  p r o b a b i l i t y  i s  s u f f i c i e n t l y  low t h a t  t h e  a c t u a l  burden exceeds 

t e n  t imes t h e  es t ima te  o f  H ( t ) ,  s t e r i l  i z a t i s n  cyc les  can be s e t  for 
P 

t h i s  t e n - f o l d  inc rease  o f  t h e  es t imate  knowing they w i l l  be i n  error 

w i t h  o n l y  a very small p r s h a b i  t i  t y .  A d d i t i o n a l l y ,  the cho ice  o f  a 

two-, three-, or, say,  ten- fo ld  mu1 t i p l e  o f  an estimated burden d e ~ e n d s  

t o  some e x t e n t  upon the  number s f  samples taken i n  o b t a i n i n g  the estimate. 





where 

H(t) i s  the mean number of organisms on the surface a t  time t ,  

Y i s  the mean number of organisms per clump 

x ( t )  i s  the clump deposition ra te  

p ( t )  i s  the clump removal fraction 

( tha t  i s ,  the removal rate  i s  proportional to  the 

number of clumps present, and ~ ( t )  i s  the proportionality 

fac tor ) ,  and 

O(j,k) i s  the probability that exactly j organisms reside on 

k clumps. 

An experimental si tuation in which 

( i )  The part ic le  removal f ract ion,  ~ ( t )  

( i i )  The part ic le  deposition r a t e ,  ~ ( t )  

( i i i )  The dis t r ibut ion of the number of microorganisms 

per par t ic le ,  and 

( i v )  The number of microorganisms on a surface as a 

function of time, 

may be independently controlled or measured f i r s t  presents the pos- 

s i b i l i t y  of verifying the relatlonskips in equation (2). In th i s  

ease, knowledge of (iii) allows y t o  be calculated, Equation (2) 

may be solved for  H ( t )  as a function s f  y ,  A ( $ ) ,  and p ( t ) .  Thus t h e  

prediction f a r  He$) (go t t en  Prom equa t ion  (2)) may be compared w i t h  

direct estinrahes o f  H ( $ ) .  S h o u l d  t h i s  Send conf idence t o  t h e  



t~a" l s "d i$  of fa), one may proceed t o  verifs 'cation o f  eqtration (1). Here, 

knowledge of ( i i i )  allows one to calculate the Q ( j  , k )  ' s .  Then know- 

ledge of ~ ( t ) ,  p ( t )  and y (condition ( i i i ) )  yields a predicted H(t) 

(equation ( 2 ) )  and this  in equation (9)  yields a model prediction of 

the P j ( t ) .  These may be compared with the frequency distribution of 

numerous surface samples t o  determine i f  they are compatible. 

I t  must be remembered that  model verification i s  never an absolutely 

positive act ivi ty .  Data disagreeing with the model appreciably implies 

a needed change in the model, b u t  good agreement does - not imply an 

absolute "correctness" of the model - only agreement "to date." The 

more agreement we obtain under as many conditions presumably compatible 

with the derivation of the model, the more confidence one may place 

in the model . 
As previously reported, a f a c i l i t y  in which the clump (par t ic le )  

deposition ra te  may be controlled and measured has been developed. 

This i s  a vertical laminar-flow f a c i l i t y  ( V L F ) .  Measuring and con- 

t rol l ing the removal fraction and the distribution of the number of 

organisms per clump are the current major problem areas - and have 

been partial  ly addressed th is  quarter. In addi l ion ,  protocol for 

experimentation have been developed and some preliminary results with 

glass spheres have been obtained. 

Particle Removal Fraction. Previous studies ( Q R  17) have shown tha t  

the air-flow in the VLF has a negligible e f f e c t  upon part ic le  removal 

when small glass spheres are  deposi ted on g lass  slides. T h i s  quarter ,  

at tempts were made t o  use t h e  vacuum probe i n  a subcritical mode t o  



effect  a reasonably predictable removal f r a c t i o n  under these conditions, 

Glass s l ides  ( 2 2  m x 22 mm) were dusted with 0.1 gm of I n  p glass 

spheres. These s l  ides were then viewed microscopical ly , and the 

number of spheres were counted prior to  any attempt a t  the i r  removal, 

The s l  i des were vacuumed usi ng the vacuum probe operati ng subcri t i  cal ly 

a t  2 psi across the f i l t e r  membrane, and were then recounted. Figure 1 

shows the resul ts  of these experiments as a plot o f  percent particles 

remaining versus the number of times the probe was passed across the 

s l ide .  The data here were reasonably "rough" and an alternate means 

of achieving removal fractions in the range, say, 0 . 2  to  0.8 was sought. 

The al ternate  means found was to  vary the pressure drop across the 

membrane f i l t e r  in the vacuum probe. Experimenting as above, this  

seemed to offer  a bet ter  means of getting re1 iably predictable removal. 

Figure 2 shows the results of these experiments and indicates that 

this  approach to  removal i s  extremely promising. 

Interaction Between Deposition and Removal of Particles Only in VLF. 

The second s e t  of experiments was designed t o  provide an environment 

where the deposition ra te ,  removal f ract ion,  and the number of 

particles present a t  each time t i s  measurable. Using the VLF (See 

OR 11 ) and the acoustic dust feeder ( O R  l o ) ,  a constant measurable 

environment was generated using 10 p glass spheres. Glass s l ides  were 

exposed to  the environment for a given time. A t  predetermined intervals 

the s l i d e s  were removed and the nmber s f  spheres en the slides are 

counted us ing  a microscopee The s l ides are then partially cleaned 

wsi ng a vacuum probe i n  a subcri t i c a l  $1 ow rate condi t i  on as descr"ibed 

above. The clean portions of the slides were then recounted, and  the 



s l i d e  was placed back i n  the  same environment where the  process was 

repeated. 

The da ta  and t h e  ana l ys i s  o f  t h e  da ta  f rom these experiments a r e  

n o t  complete a t  t h i s  t ime.  One can conclude, however, t h a t  a p l a teau  

i s  achieved. Th is  s i t u a t i o n  may be l i k e n e d  t o  having one organism 

pe r  clump. Genera l ly ,  however, i t  w i l l  be necessary t o  a c t u a l l y  t a g  

these spheres w i t h  organisms t o  ach ieve t h e  o b j e c t i v e s  out1 i ned 

above. 

Number of Microorganisms Per P a r t i c l e  w i  t h  Mechanical l y  Tagged G l  ass 

Beads. The purpose o f  t h e  f i n a l  exper iment i s  t o  mechanica l ly  t a g  

10 D g lass  beads and t o  determine t he  number o f  microorganisms p e r  

p a r t i c l e .  These can then be used i n  exper iments s i m i l a r  t o  t h a t  

descr ibed  above. Th i s  exper iment can be viewed i n  two p a r t s .  

The f i r s t  p a r t  cons i s t s  o f  t h e  p a r t i c l e  p repara t ion .  Ten grams 

o f  SO D g lass  beads were mixed w i t h  10 ml  o f  a s o l u t i o n  c o n t a i n i n g  

9 10 B a c i l l u s  s u b t i l i s  var.  n i g e r  spores pe r  m l .  

The beaker con ta in i ng  t h e  suspension was r o t a t e d  i n  a 10Q°F oven 

f o r  24 hours.  A t  t h e  end o f  t h i s  t ime  t h e  p a r t i c l e s  had formed a 

s o l i d  d r y  l a y e r  on t h e  bottom o f  t h e  beaker.  The l a y e r  was broken 

up s l i g h t l y ,  b u t  t h e  p a r t i c l e s  were s t i l l  i n  clumps. The p a r t i c l e s  

were a l lowed t o  r o t a t e  f o r  another 24 hours a t  100°F. A t  t h e  end 

o f  t h f s  t ime  t h e  p a r t i c l e s  were i n d i v i d u a l s  w i t h  very  few clumps 

be ing  v i s i b l e  d u r i n g  a micvoseopic i nspeet ion.  

The second p a r t  s f  this experiment i nvo l ved  t h e  s e l e c t i o n  o f  t h e  

particles and their t reament  to dete-mine t h e  distribution o f  the 

number o f  organisms per p a r t i c l e .  A sma l l  q u a n t i t y  o f  the  p a r t i c l e s  



were placed on a s t e r i l e  glass  s'il'de. A 10% sterile- sucrose solut-i"on 

was used $0 coat  a s t e r i l e  needle a t tached t o  a micrsmanipulatsr 

After drying for  a few mi nutes , the needle was, of course, tacky, 

While being observed under a microscope, an individual glass bead was 

selected. The needle was lowered and the glass bead became attached 

t o  the needle. The needle w i t h  the par t ic le  attached was then removed. 

A small t e s t  tube f i l l e d  with s t e r i l e  sucrose solution was prepared 

and the end of the needle was immersed i n  the solution while i t  

was being insonated. After 30 seconds the needle was removed and the 

tube was insonated fo r  another 30 seconds t o  remove the microorganisms 

from the part ic le .  The liquid was then added to  a petri dish con- 

taining TSA and the place was counted a f t e r  three days. 

Preliminary data yield a mean number of three microorganisms per 

glass bead prepared in th is  manner with a standard deviation of 3 .4 .  
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Lunar Planetary Quarant ine Infomat ion System 

A. Description. The objective of th is  act ivi ty  during th is  quarter 

was to  develop the documentation for  the users of the Planetary 

Quarantine Lunar Information System which now i s  being used a t  

Cape Kennedy by the Public Health Service. 

B.  Progress. In an ear l ie r  quarterly report ( O R  14) Sandia reported 

the completion of the 

1 .  Problem Analysis 

2. System Design 

3. Systems Program, and 

4. System Checkout 

for  the information system for  lunar f l igh ts  for  the Planetary 

Quarantine Officer. During th is  quarter the l a s t  step in the over- 

a1 1 program was completed. 

Since the programs, as provided by  Sandia , are bei nq operated by 

not only the personnel of the U.S. P.H.S. a t  the Spacecraft Bioassav 

Laboratory a t  Cape Kennedy b u t  also by the RCA personnel a t  the 

Real-Time Computer Facili ty (RTCS) a t  the Air Force Eastern Test 

Range, i t  i s  necessary tha t  comprehensive information be provided 

as to  how these programs are used. This documentation was completed 

during the present quarter. 

The  organization at. RTCS has a standard fomat  for  the pre- 

para t ion  s f  such documentation (see Real-Time Computer Systms 

Operat ing Procedure 5600 7 . B .  2)- In  preparing the documentation sf 

t h e  present system we have attempted to  follow th i s  guide when i t  



was feasible.  

The t i t l e s  of the chapters in this  document are as follows : 

1 . Introduction 

2.  Fi 1 e Preparation Program (FILE) 

3. Data Storage Program (DAST) 

4. Qual i ta t ive Storage Program ( O U A L )  

5. Qua1 i t a t i  ve Summary Program (QUALSUM) 

6 .  Lunar Inventory Program ( L I N T )  

7 .  Reproduction Program ( R E P D )  

A more complete description of the purpose of each of these programs 

may be found in previous quarterly reports. 

Chapter 1 attempts t o  discuss the difference which exis ts  between 

the system described in the original design (SC-RR-68-545) and the 

system as i t  now exis ts .  

Chapter 2 ,  and each of the succeeding chapters, has the fo l l  owing 

out1 i ne: 

2.1 Purpose of Program 

2 . 2  Input to  Program 

2.2.1 Control Data neck 

2 .2 .2  Run Data Deck 

2.3 O u t p u t  of Program 

2.3.5 Error and Infornative Messages 

2.4 Madels Used b the Pregram 

2,s Flow Diagrams s f  Program 

2.6 Subroutines Used i n  the  Program 



2 7 Constants 

2.8 Running Ins trueti ons 

2.8.1 Necessary Peripheral Equi pment 

2 .8 .2  Loading Instructions 

2.8.3 Typewriter Messages 

Chapter 4 describes a revised version of QUAL which was also 

written during th i s  quarter. This revision allows for modification 

of the identification scheme without requiring an extensive amount 

of reprogramming. Currently, identification i s  done by the PIlS 

personnel a t  Cape Kennedy. This identification i s  stored in QI!AL 

and i s  used in organizing qua1 i t a t ive  microbial data by identification 

category in QUALSUM. A computerized identification scheme has been 

completed th is  quarter and may, i f  i t  i s  deemed desirable,  be inserted 

into QUAL to perform the colony identifications automatical ly for use 

with OUALSUM. A separate document describing th i s  work i s  in pre- 

paration. 

Two final observations are appropriate. The information system 

document i s  written in a modular fashion so that  changes may be 

inst i tuted in the documentation as changes are made in the system. 

For exampl e ,  should the automatic identification scheme be included 

in OIJAL, Chapter 4 wi 11 be rep1 aced. 

The second observation i s  that  this  document i s  t o  be used in 

addition t o  SC-RR-68-54!? not in place of i t .  Any definit ions of 

terns given there are not  repeated i n  the present work,  

The i nfsmat ion system documentation i s  i n  f i n a l  preparat ion 

and shou ld  be available in the near future.  
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